The search strategy or the discovery of new effects for heavy neutrinos often rely on their different decay channels to detectable particles. In particular in this work we study the decay of a Majorana 
I. INTRODUCTION
One of the most spectacular new results in high energy physics is the discovery of neutrino oscillations, indicating that they are not massless. The neutrinos can be of two different types: either Dirac or Majorana particles. Dirac fermions have distinct particle and antiparticle degrees of freedom while Majorana fermions make no such distinction and have half as many degrees of freedom [1] . In this conditions fermions with conserved charges (color, electric charge, lepton number,...) must be of Dirac type, while fermions without conserved charges may be of either type. New still undetected neutrinos could have large masses and be of either type. If heavy neutrinos (N ) do exist, present and future experiments would offer the possibility of establishing their nature. The production of Majorana neutrinos via
− , e − γ, γγ, e − P and hadronic collisions have been extensively investigated [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] .
A very known scenario for the study of Majorana neutrinos is the seesaw mechanism [20] , requiring the existence of at least one type of heavy right-handed Majorana neutrino.
As indicated in [19] , the parameters determining the interaction of the heavy Majorana neutrino N with the standard particles turn out to be very small, indicating the need for a new approach involving physics beyond the typical seesaw scenarios.
In this work we study the decay modes of a relatively light heavy Majorana neutrino in the context of a general effective framework. We focus in a mass interval below the standard massive vector bosons mass (m N < m W ) as this reduces the possible decay channels, letting us concentrate on the phenomenology of the neutrino plus photon mode. This heavy neutrino decay channel has been introduced as a possible answer to some experimental puzzles, like the MiniBooNE [21, 22] and SHALON [23] anomalies, considering sterile heavy neutrinos created by ν µ neutral current interactions and decaying radiatively due a transition magnetic moment [24] . We revisit here the mentioned anomalies in the light of an effective Lagrangian description for the heavy Majorana neutrino decays.
The paper is organized as follows: in subsections I A, I B and I C we describe the modelindependent effective approach, and show our analytic and numerical results for the Majorana neutrino decay widths and branching ratios, and discuss the existing bounds on the effective couplings. In section II we explore the potentiality of the effective approach to explain the MiniBooNE and SHALON anomalies, showing our results for the Majorana neutrino lifetime and decay length. We present our conclusions in section III.
A. Effective Lagrangian
As it was explained in [19] , the presence of Majorana neutrinos would be a signal of physics beyond the minimal seesaw mechanism, and thus their interactions would be best described in a model-independent effective approach. It is possible to parametrize the effects [19] . The effect of these operators is suppressed by inverse powers of the new physics scale Λ, for which we take the value Λ = 1 TeV. The total Lagrangian is organized as follows:
For the considered operators we follow [19] starting with a rather general effective Lagrangian density for the interaction of right handed Majorana neutrinos N with bosons, leptons and quarks. The following are dimension 6 operators and could be generated at tree level in the unknown fundamental ultraviolet theory. The first subset includes operators with scalar and vector bosons (SVB),
and a second subset includes the baryon-number conserving 4-fermion contact terms:
for the family labeled i, the right handed SU (2) singlet and the left-handed SU (2) doublets, respectively. In addition, there are operators generated at one-loop level in the underlying full theory whose coefficients are naturally suppressed by a factor 1/16π 2 [19, 25] :
Taking the scalar doublet after spontaneous symmetry breaking as φ =
, with h being the Higgs field, the operators listed in (2) contribute to the effective Lagrangian
The 4-fermion Lagrangian can be written (3):
In Eqs. (5) and (6) a sum over the family index i is understood, and the constants α
O are associated to specific operators:
For the case of the one-loop generated operators in (4), we have the effective Lagrangian:
where P (a) is the 4-moment of the incoming a-particle and a sum over the family index i is understood again. The constants α
with j = 1, 2, 3, 4 are associated to the specific operators:
B. Decay Widths
We have calculated the decay channels for a Majorana neutrino with mass lower than the standard model vector bosons (m N < m W ). This range allows for the decay to fermions (excepting the top quark) and to photons. The contributing decay modes are schematically shown in Fig.1 .
We now present the partial decay widths of a heavy Majorana neutrino N decaying to three fermions. They were calculated using the effective Lagrangian (6).
The decays to one lepton and two quarks can be written:
and the coefficients α 1,..,4 take the expressions:
with 0 < x < 1 − 4y u .
And the purely leptonic decay:
with 2
and α 1,2 and the terms P (x), R(x) take the expressions:
In the last expressions x = 2p 0 lepton /m N . Finally, in the considered mass range, the one-loop operators in the Lagrangian (8), induce the decay of N to neutrino and photon:
This decay mode leads to an interesting phenomenology, as will be shown in the following sections.
C. Bounds on the couplings α i
O Existent bounds on right-handed heavy Majorana neutrinos (often called "sterile", as they are SU (2) singlets) are generally imposed on the parameters representing the mixing between them and the light left-handed ordinary neutrinos ("active"). Very recent reviews [16, 17, 26] summarize in general phenomenological approaches the existing experimental bounds, considering low scale minimal seesaw models, parameterized by a single heavy neutrino mass scale M N and a light-heavy mixing U lN , where l indicates the lepton flavor.
The mentioned mixings are constrained experimentally by neutrinoless double beta decay, electroweak precision tests, low energy observables as rare lepton number violating (LNV) decays of mesons, peak searches in meson decays and beam dump experiments, as well as direct collider searches involving Z decays. Also, previous analysis [18, 27] refer in general to similar heavy neutrino-standard boson interaction structures, e.g.:
The effects of this modification on the weak currents are studied, as they lead to corresponding variations in the weak bosons decay rates and W and Z mediated processes involved in the existing experimental tests, specially in colliders [16, [28] [29] [30] [31] [32] [33] [34] .
In the effective Lagrangian framework we are studying, the heavy Majorana neutrino couples to the three fermion family flavors with couplings dependent on the new ultraviolet physics scale Λ and the constants α
O , where i labels the families and O the operators. The operators presented in (2) lead to a term in the effective Lagrangian (5) that can be compared to the interaction in (15) , and a relation between the coupling α (i) W and the mixing U lN was derived in [19] :
2Λ 2 , while no operators lead to a term that can be directly related -with the same Lorentz-Dirac structure-to the interaction in (16) (nor at tree or one-loop level). Some terms in the Lagrangian (8) contribute to the ZN ν coupling, but as they are generated at one-loop level in the ultraviolet underlying theory, they are suppressed by a 1/16π 2 factor.
In consequence, we take a conservative approach. In order to keep the analysis as simple as possible, but with the aim to put reliable bounds on our effective couplings, in this work we relate the mixing angle between light and heavy neutrinos (U eN , U µN , U τ N ) with the couplings as U
2Λ 2 where v corresponds to the vacuum expectation value: v = 250 GeV. As we will explain shortly, we consider two situations in which the different bounds applies to the couplings.
Some of the considered operators contribute directly to the neutrinoless double beta decay (0νββ-decay) and thus the corresponding coupling constants, involving the first fermion family i = 1, are restricted by strong bounds. We explicitly calculated the implications for the effective couplings in our Lagrangian.
In a general way, the following effective interaction Hamiltonian can be considered:
where Γ represents a general Lorentz-Dirac structure. Following the development presented in [35] and using the most stringent limit on the lifetime for 0νββ-decay τ 0ν ββ ≥ 2.1 × 10 25 years obtained by the Gerda Collaboration [36] we have obtained the following bounds on
The lowest order contribution to 0ν ββ -decay from the considered effective operators comes from those containing the W field and the 4-fermion operators with quarks u, d, the lepton e and the Majorana neutrino N . These operators contribute to the effective Hamiltonian As will be explained in Sec II, the relevant Majorana neutrino mass range for considering this heavy neutral particle as a solution to the MiniBooNE anomaly is 400M eV < m N < 600M eV [24] . The experimental bounds for this mass values are exhaustively discussed in [17] and references therein. Taking into account that the MiniBooNE experiment deals with muon-type neutrinos, we now discuss the bounds on the U µN mixings, which are not constrained by 0ν ββ -decay, and are most restrictive than the existing ones for the third fermion family.
As can be seen in [17] , the existing bounds for U µN for m N 500 MeV come from beam dump experiments as NuTeV [37] , CHARM II [38] and BEBC [39] , rare lepton number violating (LNV) meson decays at LHCb [40] and from colliders as those from DELPHI [34] .
In the case of the heavy Majorana neutrino with effective interactions we are considering, the clear dominance of the neutrino plus photon channel found in (14) makes the beam dump and rare LNV experiments bounds inapplicable, as this decay mode to invisible particles is not considered in those analysis, and can considerably alter the number of events found for N decays inside the detectors [17, 26] .
In the light of this discussion, we consider the bounds from DELPHI [34] , following the treatment made in [18] . In our case, for only one heavy Majorana neutrino we have:
Ω ll = U lN U l N and the allowed values for the mixings are of order:
For the Lepton-Flavor-Violating processes e.g. µ → eγ, µ → eee and τ → eee, which are induced by the quantum effect of the heavy neutrinos, we have very weak bounds for m N < m W [16, 26, 41] .
Thus, the bound in (20) can be translated to the constants α, and we have for Λ = 1
For completion we have explicitly calculated the bounds that can be inferred from the single Z → νN and pair Z → N N "excited" neutrino production searches at LEP [33] . The first process can be generated by one-loop level effective operators (4) giving the terms in the Lagrangian (8). As the one loop level couplings are supressed by the factor 1/16π 2 , the corresponding bound for the couplings (α tree v 2 /2Λ 2 ) 2 is absorbed by the (16π 2 ) 2 multpliying the bounds, so that the collider (21) value is still more stringent. It is important to mention that other effective operators (4-fermion operators in (6)) contribute to the νN and N N production at LEP, but at the Z peak they give less restrictive bounds than the ones in (20) . For the decay Z → N N , we have a direct contribution from the tree level operator
A conservative limit for any m N mass is Br(Z → N N )Br 2 (N → ν(ν)γ) < 5×10 −5 [33] . This result is model-independent and holds for the production of a pair of heavy neutral objects decaying into a photon and a light invisible particle. For the low m N values considered in this work, we can take Br(N → ν(ν)γ) 1 and the corresponding bound is (
more restricting than the bound in (20), but not taken into account, as the corresponding operator does not contribute to the N decay.
In order to simplify the discussion, for the numerical evaluation we only consider the two following situations. In the set we call A the couplings associated to the operators that (23) for fermions of the first family. For the remaining operators we take α ∼ α bound Coll , α bound 0νββ (24) in the sets A and B respectively.
In Fig. 2 we show the results for the Majorana neutrino decay presented in Sec. I B. O . We show the branching ratios for both sets A and B. It can be seen that, for low masses, the dominant channel is the decay of N to photon and neutrino. Figure 2b shows the total decay width dependence on the mass for both coupling sets considered.
Taking the values of the couplings α (i) to be equal for every family i, and also for every tree level coupling α tree , and taking the one-loop generated couplings as α 1−loop = α tree /16π 2 , we derived an approximated expression for the ratio between the widths Γ(N → ν(ν)A) in (14) and Γ(N → l +ū d) in (10):
This limiting value explains the behavior found in Fig.2 for low Majorana neutrino masses, showing the neutrino plus photon decay channel is clearly dominating. This is an interesting fact since we have a new source of photons, leading to a very rich phenomenology discussed in the next section.
II. APPLICATION TO NEUTRINO-RELATED QUESTIONS
Searches for heavy neutrinos often rely on their possibility to decay to detectable particles.
The interpretation of the corresponding results for such searches requires a model for the decay of the heavy neutrino. Several explanations to different kind of problems seem related to weakly interacting neutral particles, like new neutrinos. In particular the MiniBooNE [21] anomaly or the observation of sub-horizontal air-showers by Cherenkov telescope SHALON [23] have possible explanations by long lived neutral particles like the one studied in this work.
The MiniBooNE experiment was built to search for ν µ → ν e conversion, in order to confirm or refute the previous results of LNSD, which were inconsistent with global neutrino oscillation data [42] . The MiniBooNE anomaly consists in an unexplained excess of low energy electron-like events in charge-current quasi-elastic electron neutrino events over the expected standard neutrino interactions [21, 22] .
This excess of electron-like events could be caused by the decay of a heavy neutrino. This solution was proposed by Gninenko [24] in a model with sterile neutrino mixed with the standard neutrinos by a matrix U . He finds that N with 400M eV < m N < 600M eV 10 −3 < |U µN | 2 < 4 10
could explain the anomaly, as the excess of electron-like events in the ν µ beam could be caused by the decay of a heavy neutrino with a radiative dominant decay mode N → νγ where the final photon would be converted into an e + e − pair with a small opening angle, indistinguishable from an electron in the detector. This is called a converted photon.
The Gninenko analysis is based on the assumption that the heavy neutrino radiative decay is dominant. The effect of the mentioned strong radiative decay is the flux attenuation by N decay and then the decrease of the signal events in the detector. The consequences are less restrictive bounds on |U µN | 2 [17, 26] , as we explained in sec.I C. The proposal is then that the excess of events observed by MiniBooNE could originate from converted photons and not from electrons. The future experiment MicroBooNE will provide a test to this proposal, as it will be able to separate photons from electrons or positrons [43] .
In the context of the effective interactions considered in this work, one has to check if the N → νA is the dominant decay, by comparing the decay of N to pions, which is the correct hadronic final state for the low masses studied here. We have found that the corresponding decay is mainly given by
In the mass range proposed [24] we find that the ratio of the branching ratios for the different decay channels is Br(N → l (26) is consistent with the allowed value by the collider bound of (20) [44] . As was previously mentioned, this kind of neutral particle which decays dominantly to neutrino and photon could be the explanation for several sub-horizontal events detected by the Cherenkov telescope SHALON as it was recently proposed in [23] . In the cited work the authors propose that the solution could be a neutral and then penetrating long-lived massive particle able to cross 1000 km of rock and decay within the 7 km of air in front of the telescope. In Fig. 5 we show the decay length as a function of the heavy neutrino mass for different energies and couplings in the sets A and B. We can see that there is a region of the parameter space which could possibly explain the SHALON observations with a l decay ∼ 1000 km.
To conclude, a few words about the detectability of this particle in colliders like the LHC.
Searches for neutral long-lived particles as the heavy neutrino proposed by [24] have been studied in the context of τ − rare decays [45] , where the authors propose to search for events with two vertices, featuring the production and decay of the unstable neutrino N . The use of displaced vertices has also been proposed to search for sterile neutrinos at the LHC [46, 47] , for N decaying to leptons and quarks or purely leptonically. Early displaced vertices searches are reviewed in [48] .
As we have shown, for the N masses considered in this work the dominant decay is the radiative N → νγ channel, which can be observed by the signature of an isolated electromagnetic cluster together with missing transverse energy:
where the photon originates in a displaced vertex.
New physics searches involving such final states have been performed at the LHC [49, 50] , and it has been suggested that this signal could be enhanced with the combined use of missing transverse monentum plus photons and displaced vertices searching techniques [51, 52] 
III. SUMMARY AND CONCLUSIONS
We have calculated the decay widths and branching ratios for a relatively light heavy Majorana neutrino (with m N < m W ) in an effective approach, considering its possible decays to fermions, quarks and photons, focusing on a relatively low neutrino mass range.
We find that for masses below approximately 30 GeV the dominant channel is the neutrino plus photon mode: N → νA. With this decay mode in mind, we explored the plausibility of considering it as an explanation for the MiniBooNE and SHALON anomalies. We checked that in the effective model the radiative decay is dominant respect to the lepton plus pion mode, and leads to values of the effective couplings α which are consistent with the mixing value |U µN | 2 found by Gninenko [24] and with collider bounds [34] . Also, we show that the Majorana neutrino lifetime also fits the limits in [24] . This kind of weakly interacting long-lived particle has also been proposed as an explanation for sub-horizontal events in the SHALON telescope [23] , and we find that the N decay length is compatible with the proposed explanation for part of our parameter space. This kind of particle could also be searched for in the LHC, with the use of the displaced vertices technique, with little standard model background.
